Two temperature regimes, namely, normal (23 ∘ C in open field) and elevated (6 ± 1 ∘ C higher compared to open field mean air temperature in polythene chamber) temperature, were created immediately after anthesis to investigate the response of wheat cultivars to heat stress. Elevated temperature cuts back the duration of grain filling by 5 days in BARI Gom 25 and BARI Gom 26 and 10 days in Pavon 76. Starch synthesis was also cut back by the same duration in respective cultivars under elevated temperature condition. Results indicate that failure of conversion of sugar to starch rather than limited supply of sugar under high temperature condition was responsible for shortening of grain filling duration in all wheat cultivars. However, the response of elevated temperature on grain starch and main stem grain dry matter was less profound in BARI Gom 25 and BARI Gom 26 compared to Pavon 76 indicating their better tolerance to elevated temperature.
Introduction
Wheat generally grows within an optimum temperature range of 15 to 18 ∘ C [1] but the temperature requirement of the crop during reproductive growth phases lies within 22 ∘ C for optimizing its grain yield [2] . Under Bangladesh condition the possibility to achieve high genetic yield potential of wheat is extremely slim, because the crop cannot complete the major portion of grain filling period before the temperature rises up to the critical level, even if it is planted within early recommended sowing date. In case of late sowing, temperature becomes stressful above 26 ∘ C when a premature ripening of wheat takes place [3] producing poorly developed grain of wheat [4] . Post-anthesis heat stress environment induces several physiological disorders in wheat, which as a consequence initiates early onset of senescence [5] and slows down conversion of sugar to starch in developing grain of wheat. Due to terminal heat stress eventually smaller number and size of grain are produced [6] . Heat stress also affects cell division and cell enlargement of grain, causing smaller grain number per spike, grain weight per main stem, and finally reduced grain yield [7] . Thus heat stress causes a large yield penalty through reduction of grain filling period in spite of increasing grain filling rate [4] .
Under Bangladesh condition a large number of findings are available regarding late planting induced heat stress effect on grain yield and yield attributes [8] . In all of them, the temperature regimes were created by seeds sown on different sowing dates. There are fewer reports so far in which two temperature regimes were created by seeds sown on the same day to study the response to terminal heat stress. Such results possibly have included effects of some coexisting climatic factors apart from late seeding heat stress by itself like infestation of foliar diseases, frequent crop lodging due to high wind velocity together with early monsoon rainfall, and so forth.
The present experiment was undertaken to investigate the physiological basis of grain starch and dry matter accumulation pattern under high temperature conditions in recently 2 International Journal of Agronomy released wheat varieties by excluding the possible effects of climatic factors on late seeding wheat varieties.
Materials and Methods
The experiment was conducted at the research farm of Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur, in Bangladesh, during November, 2013, to April, 2014, using split plot design with four replications under two growing conditions, namely, open field temperature and elevated temperature (polythene chamber). Recently released two potential heat tolerant wheat cultivars, namely, BARI Gom 25 and BARI Gom 26, along with a heat sensitive check wheat cultivar Pavon 76 were used in this study. Seeds were sown on 18 November, 2011, in rows of 20 cm apart (at the rate of 120 kg ha −1 ). The unit plot size was 3 m × 3 m having a plot-to-plot distance of 1.0 m. In each of these 3 m × 3 m plots, 1.5 m × 1.0 m area was covered by transparent polythene sheet. The chambers were constructed using bamboo frame of 1.5 m high keeping 30 cm open space near the ground surface. Light intensity during maximum grain filling was found to be 1280 mol m −2 S −1 in open field and 950 mol m −2 S −1 in polythene chamber which is higher than its normal light intensity. Normal light intensity requirement for wheat was 610 mol m −2 S −1 reported by Gerbaud and Andre [9] . Cow dung (8500 kg ha −1 ) and other fertilizers such as N 60 kg ha −1 (as Urea), P 140 kg ha −1 (as TSP), K 100 kg ha −1 (as MOP), and S 110 kg ha −1 (as Gypsum) were applied as per recommendation [10] . Irrigation was given to maintain more or less a field capacity and to avoid the drought stress.
Mean air temperature was recorded every day at noon period (2 pm to 3 pm) using maximum-minimum thermometer from 5 days after anthesis (DAA) up to the maturity of each cultivar. Main shoot of 100 individual plants was tagged to confirm the equal exposure of elevated temperature starting the first appearance of anther emerging from the spike in each plant. Tagged ten spikes of main shoots were sampled at 5-day intervals starting from anthesis to 40 DAA and sampled spikes were oven-dried at 70 ∘ C for 72 hours. After oven-drying grains were sampled from the middle portion of the spike and their weight was taken with analytical balance (Model: AGN220C). The grain samples were used for sugar and starch analysis. Soluble sugar and starch content of grain was determined using the method of Yoshida et al. [11] . Plants were hand-harvested by cutting them at ground level. Then grain number per spike and main stem grain dry weight were measured.
All statistical analyses were performed by MSTAT-C program. The treatment means were compared using Duncan's Multiple Range Test (DMRT) at 5% level of significance. Graphical representation and simple data were calculated by using Microsoft Excel.
Results
Wheat cultivars were grown in open field temperature condition where daily mean temperature during reproductive growth stage was recorded 23 ∘ C (ranging from 18.5 to 25.5 ∘ C) (Figure 4(a) ). On the other hand under elevated temperature condition starch synthesis duration and grain filling duration both were reduced by 5 days in BARI Gom 26 and 10 days in Pavon 76 (Figure 4(a) ). Thus compared to BARI Gom 26, starch synthesis was stopped about 5 days earlier in Pavon 76 due to elevated temperature condition. A higher level of grain soluble sugar was found up to 20 DAA in BARI Gom 26 under open field temperature condition compared to elevated temperature condition, which was found in Pavon 76 for 15 days (Figure 4 a similar report with a difference that the different seeding dates were varied for inducing heat stress. In such a case regular of fungicide was done to control in late seeded crop to control foliar disease. In the present experiment foliar disease infestation was apparently absent. Compared to open field temperature condition, maximum reduction of number of grain per spike was recorded in Pavon 76 (25%) (Table 1) whereas the minimal reduction was the rest of cultivars under elevated temperature condition. The maximum reduction of main stem grain weight was recorded in Pavon 76 (22%) and minimum in BARI Gom 26 (8%) ( Table 2 ) under elevated temperature condition.
Discussion
Under elevated temperature condition the daily mean temperature was higher in all wheat cultivars as compared with open field temperature. Among all the cultivars under elevated temperature condition cultivar Pavon 76 received further elevated temperature due to its delay in anthesis by a week compared to that of BARI Gom 25 and BARI Gom 26. Although anthesis occurred at different dates in different cultivars in all cases grain development took place at temperature exceeding the higher limits of optimum temperature particularly at late stages after anthesis in all cultivars under International Journal of Agronomy 5 The values have been given as arithmetic mean ± SE. Values in a column with different letters are significantly different at ≤ 0.05 by DMRT. elevated temperature condition. The optimum temperature for reproductive stages of wheat generally was reported within a range of 22 to 26 ∘ C [2, 3, 12, 13] . So under elevated temperature condition, the temperature exceeded the optimum range of temperature for wheat cultivar. The elevated temperature caused a premature ripening of wheat grain and in cutback the grain filling duration of wheat cultivar by 10-day in Pavon 76 in contrast to 5-day in BARI Gom 25 and BARI Gom 26 ( Figure 2 ). Varietal differences in reduction of grain filling duration were reported indicating a larger reduction in heat sensitive cultivars compared to heat tolerant wheat cultivars [4, 14] . Although at early reproductive stage the individual grain dry matter accumulation was slightly favored by elevated temperature condition in all wheat cultivars but the later stages of postanthesis period, Pavon 76 stopped its grain dry matter accumulation earlier than the other two wheat cultivars. Finally at physiological maturity a significant reduction of individual grain weight and starch content was recorded in Pavon 76 under elevated temperature condition (Figures 3(a) and 3(b)). Elevated temperature reduced the grain filling duration which was associated with a reduction in individual grain weight [15, 16] .
The grain starch synthesis was also cut back by 5 days in BARI Gom 26 but 10 days in Pavon 76 (Figure 4(a) ). Coincidence of duration was also observed in premature of individual grain dry matter accumulation in all wheat cultivars under elevated temperature condition. It was apparent that individual grain dry matter accumulation was contributed by grain starch accumulation [17] . At physiological maturity significant reduction of grain starch content was recorded in Pavon 76 under elevated temperature condition, whereas such reduction was not significant in BARI Gom 26 (Figure 3(b) ). It is clearly noticed that the grain starch synthesis was terminated in presence of adequate amount of grain soluble sugar under elevated temperature condition. The results clearly indicate that grain soluble sugar content under elevated temperature condition had slight influence on early termination of grain starch content. Premature of grain development under heat stress condition had been reported due to limited enzymatic function involving sugar to starch conversion [18] [19] [20] . It appeared here that elevated temperature restricted starch synthesis more prominent in heat sensitive cultivars compared to heat tolerant cultivars [4, 21] .
Grain weight per main stem was partly contributed by grain number and partly by individual grain weight which was the most sensitive to elevated temperature in Pavon 76 among all wheat cultivars tested in this experiment. Exposure to high temperature above 30 ∘ C during 10 to 14 days after anthesis has been reported to contribute to the reduction of grain number in wheat by affecting primarily cell division and subsequently cell enlargement [7] . Significant reduction in grain number in different wheat cultivars under elevated temperature was also found by Viswanathan and Khanna-Chopra [22] ; Sial et al. [23] ; and Tahir and Nakata [24] . Finally the wheat cultivars like BARI Gom 25 and BARI Gom 26 with longer grain filling duration produced significantly higher amount of main stem grain weight under elevated temperature condition than the cultivar Pavon 76 ( Table 2) . Increasing temperature (from 30 to 38 ∘ C), during reproductive phase, reduced the main stem grain weight by 20 to 44% [24] . A significant reduction in main stem grain weight difference in five wheat cultivars had been reported by Fokar et al. [6] . However, in the present experiment, the reduction of main stem grain weight was 8 to 22% by raising daily mean temperature from 23 ∘ C to 29 ∘ C during postanthesis period. In the present experiment the smaller reduction of main stem grain weight was perhaps due to less increase of temperature above the optimum range (22 ∘ C to 26 ∘ C) as compared to large increase of temperature from 30 ∘ C to 38 ∘ C reported by Tahir and Nakata [24] .
Finally the elevated temperature during postanthesis period had more deleterious effect in heat sensitive cultivar Pavon 76. On the other hand the minimal effect of elevated temperature in BARI Gom 25 and BARI Gom 26 was due to their inherent capacity to tolerate elevated temperature during postanthesis period.
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